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I. Foreword

Scientific knowledge of the transport phenomena and their effects on weld quality is the key
to the optimizations of the operation windows in laser beam welding. This project studies the
detailed transport phenomena (laser-plasma interactions, laser-material interactions, and molten
metal fluid dynamics) and their effects on weld qualities. A comprehensive mathematical model
with continuum formulation (for handling metal flow during alloy melting/solidification) and
volume-of-fluid (for handling free surfaces) is successfully developed to simulate the transient
behavior of a keyhole in laser beam welding. The Fresnel absorption due to multiple laser
reflections and the inverse Bremsstrahlung absorption of the laser-induced plasma in the keyhole
are taken into account in the models. The following cases are investigated in this project: 1) the
formation and collapse of an axisymmetric keyhole 2) formation of porosity and control
strategies 3) interaction between filler metals and weld pool 4) zinc vapor escape in laser
welding of galvanized steel 5) 3-D moving laser welding.

The simulation predictions are qualitatively consistent with the reported experimental results.
Simulation results show that the formation of porosity is caused by two competing mechanisms:
one is the solidification rate of the molten metal surrounding the keyhole and the other is the
speed at which molten metal backfills the keyhole after laser energy is terminated. By controlling
laser pulses or by applying an electromagnetic force after laser energy is ceased, pores in the
weld can be reduced or eliminated. The results from simulation illustrate that uniform
composition of weld pool is difficult to achieve by filler metals due to very rapid solidification of
weld pool in laser welding as compared to that in gas metal arc welding. In laser welding of
galvanized steel, by controlling welding parameters, keyhole can be utilized as the channel for
releasing the zinc vapor and as a result, pores caused by the trapped zinc vapor are avoided.
Avoiding the interaction between zinc vapor and welding pool can improve welding shape. The

results from 3D model of laser welding have a very promising potential for industry applications.




II. Statement of the Problem Studied

As laser welding involves very bright, high energy-density laser beam, plasma arc, high
temperature, and high welding speed, our current facilities are insufficient for direct observation
of the formation and collapse of a keyhole. Alternatively, this project studies the final shape and
the final depth of a keyhole under various welding conditions. To our best knowledge, current
laser welding technologies are all based on experiences and trial-and-error method. Scientific
research is highly desirable for the dramatic promotions of laser technologies in industry.

A mathematical model is deveiepéd based on continuum formulation (for handling metal
flow during alloy melting/solidification) and volume-of-fluid (for handling free surfaces) to
study the transient behaviors of a keyhole in laser beam welding. The model consists of two sub-
models: one calculates the mass, momentum and energy transport in the weld pool, and the other
determines temperature field of plasma in the keyhole. These two sub-models provide boundary
conditions for each other.

For the first time, the formation and collapse of a keyhole and the fluid flow surrounding the
keyhole in laser welding becomes predictable using our models. Our investigations reveal that
plasma generation in the keyhole decreases penetration depth and increases liquid layer
surrounding the keyhole because of radiation of high temperature plasma. As thickness of the
liquid layer surrounding the keyhole increases, hydrodynamic force may trigger keyhole
collapse.

The second issue of this investigation is porosity in laser welding. Porosity deteriorates the
strength of the welded part. This is extremely important in a deeply penetrated laser weld. All
previously reported research on porosity formation and prevention are based on experiments and
a trial-and-error procedure. This project investigates formation mechanisms of the pore in the

laser welding process and the influence of keyhole aspect ratio on pore size via mathematical

simulations.




Laser welding with filler metals is the third focus of the project. Recently, laser welding with
filler metals has increasingly attracted attention to improve welding quality. Again, all reported
studies on laser welding with filler metals are by experiments. Results from the previous
investigations demonstrate a general idea of how laser welding can benefit from filler metals, yet
the researches fail to reveal the interaction between filler metals and weld pool. Numerical
simulations are required to understand the physical phenomena in the welding process.
Complicated velocity and temperature fields during the impingement of filler droplets onto the
keyhole are simulated in this project. The mixing between base metal and filler metal in the
fusion zone is traced by the concentration of sulfur, which is enhanced by the vortex created by
the downward momentum along with the impinging droplets. By analyzing the interaction
between filler droplets and weld pool, effect of key process parameters on the distribution of
filler metals in the final weld bead is investigated.

The fourth issue addressed in this project is laser welding of galvanized steel. Zinc-coated
steel is widely used in industry due to its low cost and high corrosion resistance. However, the
low melting and evaporation points of zinc tend to produce spatters or porosity in laser lap
welding. Most of previous researches on this topic are limited to experimental works. This
project examines laser welding of galvanized steel by mathematical simulations. Special
attention is paid to zinc vapor formation and zinc escape through the keyhole. Defect control
strategies are also discussed.

The latest effort of this project is focused on 3D modeling of laser beam welding. The 3D
model is able to uncover the relationship between the laser power and keyhole depth and width
by fully analyzing the welding pool dynamics, the temperature field distribution, and plasma
characteristics to obtain a better understanding of the pore formation mechanisms. The time-

dependent distributions of melt flow velocities and temperatures in the weld pool are




investigated. Parametric studies are conducted to determine key parameters influencing weld

pool dynamics and weld penetration.

III. Summary of the Most Important Results
1. The Formation of a Keyhole in Laser Welding

Fig. 1 shows a sequence of the shape of the keyhole during the keyhole formation process.
The corresponding temperature and velocity fields are given in Fig. 2 and Fig. 3 respectively.
During the initial stage (t < 1.5 ms), the laser energy mainly contributes to heating up the base
metal. As the temperature of the base metal increases, a weld pool starts to appear under the laser
beam, even though it is relatively small and shallow. When the laser power reaches 2500 W, the
laser intensity becomes high enough to induce significant recoil pressure. The recoil pressure
starts to push down the molten metal under the laser beam. The fluid flow in the weld pool is
insignificant at the initial stage. The surface of the weld pool is nearly flat along the top of the
substrate. The temperature difference along the free surface of the weld pool is large because of
the Gaussian distribution of the laser power, leading to a high temperature-dependent Marangoni
shear.

As shown in Fig. 1, although the liquid-solid interface keeps moving downwards, the liquid
region of the weld pool under laser radiation remains a thin layer because the strong recoil
pressure squeezes the liquid metal to flow outward. As the surface level moves down and the
crater level increases, a keyhole is formed in the weld pool. After formation of the keyhole, some
metal vapors are trapped in the hole. During the laser penetration process, the gas is heated up
very quickly because the low heat capacity of gas. When the temperature of the gas exceeds
about 8000 K, laser-induced plasma is generated by ionization. The coefficient of the inverse-
Bremsstrahlung absorption increases with the increase of plasma temperature. So once plasma

grows, the temperature will increase very quickly, as shown in Fig. 3. Meanwhile, the travel




distance of laser light increases with the development of the keyhole. The absorption of laser
power by the gas decreases the radiation intensity. At the same time, plasma separates the
keyhole wall from the cold shielding gas. The hot plasma heats the surrounding keyhole wall
through heat radiation. This increases the temperature on the keyhole wall. As shown in Fig. 2,
the temperature on the keyhole wall keeps increasing, which leads to the increase of recoil
pressure.

The formation of the keyhole enhances the laser light absorption through a mechanism called
multiple reflections. As shown in Fig. 1, the surface of the weld pool is nearly flat at the
beginning. Once laser light radiates the flat surface, only part of the energy is absorbed by the
surface through the Fresnel absorption mechanism. A large amount of laser energy is reflected.
However, when the keyhole is formed, the surface along the keyhole wall is not flat. The
reflected laser light by this surface is not always in the reverse direction of incidence. During
each incidence onto the keyhole wall, a fraction of laser energy is absorbed by the Fresnel
absorption mechanism. This brings more laser energy to the keyhole wall. Moreover, as the
keyhole deepens, the possibilities and times of multiple reflections increase. When the reflected
laser light travels in the plasma, part of its energy is absorbed by the plasma, which increases the
temperature of plasma. Consequently, the higher temperature of plasma increases the recoil
pressure. The influence of the plasma and multiple reflections are shown in Fig. 1. On the bottom
surface of the keyhole, higher recoil pressure leaves a thinner liquid layer at t = 8.5 ms compared
with that at t = 5.0 ms. Even though the hydrostatic pressure and surface tension at the bottom of
the keyhole becomes larger as the keyhole deepens, which makes it difficult for the drilling

process of the keyhole, the velocity of liquid along the bottom surface does not decrease, as

shown in Fig. 3.
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Fig. 1. A sequence of the keyhole formation process showing the shape of the keyhole and the
solidification process.
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Fig. 2. The corresponding temperature profiles for the case as shown in Fig. 1.




: L s L s 1 " . " . L
(D) [K} [ 5} XY h 10 05 [] 05 [K]
r{rmm} rimm}

Fig. 3. The corresponding velocity distributions for the case as shown in Fig. 1.

2. The Phenomena of Keyhole Collapse

When the laser pulse is shut off, the recoil pressure is removed correspondingly. The keyhole
collapses under hydrostatic pressure and surface tension. Fig. 4 shows a sequence of liquid metal
region evolution during the process of keyhole collapse. The corresponding temperature and
velocity profiles are given in Fig. 5 and Fig. 6. At t = 15.0 ms and t =16.5 ms, the plasma
temperature in Fig. 5 drops very quickly, compared with that in Fig. 2. The heat input from
plasma radiation also decreases very quickly in a short time. Meanwhile, the heat conduction
from the keyhole wall to the surrounding metal is very strong because of high aspect ratio and
high temperature gradient. So the temperature of the keyhole wall drops off very quickly,
especially in the lower part of the keyhole because there is only a thin layer of metal liquid.
Simulations show that the keyhole will close on the top at first and then fill back to the keyhole
in the collapse process. Some gas will be trapped during the collapse process. The liquid metal

on the far end of the top surface cannot flow back before solidification, which results in a rough

surface on the final weld.
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Fig. 4. A sequence of liquid metal region evolution during keyhole collapse process.
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Fig. 6. A sequence of velocity field evolution during keyhole collapse process.

3. The Formation of Pores in the Weld

Fig. 7 shows the evolution of molten metal region during pore formation process. The
corresponding temperature and velocity distributions are given in Fig. 8 and Fig. 9 respectively.
As the plasma gas has a very small thermal capacity, right after the laser power is ceased, the
plasma temperature decreases rapidly. As shown in Fig. 7 for t = 15.0 ms, during the keyhole
formation process, a large amount of metal liquid is squeezed onto the shoulder of the keyhole
under the action of laser induced recoil pressure and surface tension. There is a vortex on the
keyhole shoulder as shown in Fig 9 at t = 15.0 ms, which enhances the heat transfer from the
liquid metal to the substrate. So the liquid metal layer on the upper keyhole is thicker than that
on the lower keyhole. When the laser pulse is shut off, the energy input to the keyhole wall
comes only from the hot plasma radiation. However, since there is no heat input to the plasma
and the heat capacity of plasma is very small, the temperature of plasma drops off very quickly.

The heat input from plasma radiation also decreases very quickly in a short time. Meanwhile, the

heat conduction from the keyhole wall to the surrounding metal is very strong because of high
11




aspect ratio and high temperature gradient. So the temperature of the keyhole wall drops off very
quickly, especially in the lower part of the keyhole because there is only a thin layer of liquid
metal. As shown in Fig. 8, the temperature on the keyhole wall drops off very quickly from t =
15.0 ms to t = 19.2 ms, especially at the bottom of the keyhole. The study reveals that a pore is
formed during the process of the keyhole collapse. The formation process has a close
relationship with two factors: one is backfill time, and the other is backfill speed. If the backfill
speed of the liquid on the upper of the keyhole is not high enough to completely fill back the
keyhole before the liquid metal is solidified, pore forms in the final weld. Aspect ratio of the
keyhole has a great influence on pore formation: the larger the aspect ratio, the larger the pore

size. When aspect ratio is smaller than threshold value, no pore is observed.
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Fig. 7. A sequence of liquid metal region evolution during the pore formation process.
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Fig. 9. A sequence of velocity field evolution during pore formation process.




4. Methods to Produce Quality Welds Without Pores

Our simulations show that the method of pulse control can be employed to prevent pores if
aspect ratio keyhole is small. Pulse control increases the backfill time to allow the liquid metal
on the upper portion of the keyhole to have enough time to flow down. If the aspect ratio is high,
the method of electromagnetic force should be applied. The mechanism of exerting an
electromagnetic field is to increase the backfill speed, which allows the liquid metal on the upper
part of the keyhole to reach the keyhole bottom during backfill time. An electromagnetic field is
added once the laser pulse is shut off. The laser power is decreased to one-fifth its peak value
and lasts for another 5 ms. The sequence of liquid metal evolution during the keyhole collapse
with process electromagnetic force is shown in Fig. 10. The corresponding sequence of liquid
metal region evolution and velocity field during the pore formation process is shown in Fig. 11
and Fig. 12. At t = 15.0 ms, the laser power is shut off, which removes the recoil pressure and
lets the liquid metal in the keyhole to flow back under the gravity and surface tension.

The electromagnetic force that is added shortens the time for the fluid to change its velocity
direction. As shown in Fig. 12, the velocity direction of the liquid changes more quickly than
that in Fig. 9. As shown in Fig. 12, the electromagnetic force also shortens the time for the
keyhole to collapse. Comparing the figure at t = 19.8 ms in Fig. 12 with that in Fig. 9, the
keyhole is closed far ahead under the electromagnetic force. Similar to what is shown in Fig. 9,
the liquid-solid interface moves inward since there is no heat input to the keyhole wall after the
laser is shut off at t = 15.0 ms, especially on the bottom of the keyhole because the liquid zone is
much thinner than that on the shoulder. Because the liquid in the mush zone and near the liquid-
solid interface bears larger friction to move, the effect of electromagnetic force on this part of
liquid is not as remarkable as that on the shoulder of the keyhole. So the addition of the
electromagnetic force has no big influence on the solidification process on the bottom of

keyhole. There is no liquid metal left on the bottom. Although the high heat loss also makes the

14




temperature on the wall drop off and the liquid-solid interface approaches the center quickly, the
high downward velocity allows the liquid enough time to reach the bottom of the keyhole, as
shown at t = 20.4 ms. Since the upper part of void is surrounded by the liquid, the trapped gas is

dissolved into the liquid. At the t = 22.8ms, there is no pore left in the keyhole.

= i3ms t=ILdms

3.0 soF
= 25f =230

€ E

‘ E E
i » 20k ~ 20k

1=180ms 1=20ms

1=19.5ms 1=485ms

s 35

i b '
gLSF iy
E 13

N 20r ~ 20

15k 15

Lol . : 4 . Lol—t . . : i
STl 65 0 05 LD S0 o5 0 05 10

r(mm) r{mm}

Fig. 10. A sequence of keyhole collapse process showing the shape of the keyhole and the
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5. Laser Welding with Filler Metals
As shown in Fig. 13, with the increase of droplet diameter, the latitude diffusion of filler

metal is enlarged. The above analysis of welding process shows the latitude diffusion of filler
metal is closely related with the vortex in the weld pool. The strength and the affected zone of
the vortex depends on the downward momentum carried by droplets, which is the product of
droplet mass and velocity. As the droplet size increases, the downward momentum increases,
which will lead to a stronger vortex. So the diffusion zone is enlarged outwards, especially in the
middle depth of the keyhole where the vortex is located. This can be proven by comparing the
figures of d = 0.30 mm with that of d = 0.35 mm in Fig. 13. Meanwhile, a larger downward
momentum from larger droplets also leads to strong bouncing flow near the center of keyhole
after termination of droplet feeding, which helps filler metal to diffuse into the upper layer in the
final weld, as shown in Fig. 13 for d = 0.40 mm. After the termination of droplet feeding, the
fluid surface near the center of the keyhole continues to go down due to the larger hydrodynamic
pressure caused by the downward momentum. This leads to a deep hole. During the back-filling
process of this hole, some metal from the upper portion of the keyhole may flow into the bottom
of this hole. Since the concentration of filler metal in the upper portion of the keyhole is very
low, it will leave a low diffusion zone of filler in the center of final weld, as shown in Fig. 13 for
d = 0.40 mm. Our simulations on this topic show that filler metals can effectively control pore

formation, better welding pool, and improve weld bead shape.
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Fig. 13. Effect of droplet size on the diffusion of filler in the fusion zone.
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6. Laser Welding of Galvanized Steels

The simulations of laser welding of galvanized steel show the zinc coating is melted and
vaporized when the temperature reaches its vaporization point. Because there is no way for the
zinc vapor to escape, the zinc vapor is trapped and accumulates to a very high pressure. When
the welding reaches a certain depth, the accumulated vapors burst out and interact with the
welding pool, which may cause pore formation and spatter. Fig. 14 shows the process of the zinc
vapor escape and its interaction with the welding pool. By controlling the laser processing
parameters such as laser power and welding speed, keyhole can be utilized as an effective

channel for the zinc vapor to escape and thereby the pore formation and spatter are avoided.

Fig. 14. Keyhole formation & zinc vapor escape during laser welding of galvanized steel.




7. 3-D Moving Laser Welding

3D simulations show that for given welding conditions, there is a relationship between laser
power, welding depth and welding width. In the results shown below, the base metal is assumed
to be 304 stainless steel containing 100 ppm of sulfur. The laser power is 4.0 KW, the radius at
focus spot is 0.2mm, the laser scanning speed is 25mm/s, and laser beam obeys Gaussian
distribution. Fig. 15 shows the keyhole depth and width from X-Z plan and Y-Z plan views at
different time points. Fig. 16 shows the welding pool shapes from X-Z plan and Y-Z plan views
in different time points. Fig. 17 shows the corresponding temperature distribution of both

welding pool and plasma inside the keyhole. Fig. 18 shows the corresponding velocity fields in

the welding pool.
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Fig. 15. X-Z plan and Y-Z plan views of the keyhole depth and width.
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™ 4oms o W IE T maems
. i 3
L : * 2
i !
(5 i o
N : 131
N o
E of
- { b
} ar
e kS x s - S Y] 1 £ s
“ 1=5.0ms
- -
*E % .k
H
i3 ’ i
s ! =
1713 i v 3
1
e } "
B o
i
o e
o P N N . s
03 t=11.0ms lazsE t=11.0ms
L3 oF 1
EEE ﬁ;
B [
N E 3
3 L33
sE s
amE a;
ssE «sE
kasE asf
Fo 1 ) N Eox L PRI SR IR RS
k3 * % 4 [3 ‘ ] 2
o A-Zbdeview | Y - Z side view

Fig. 17. Temperature distribution corresponding to Figs. 15 and 16.
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Fig. 18. Velocity fields corresponding to Figs. 19 and 20.
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